Introduction {#sec1}
============

Nanoparticles (NPs) exhibit size- and shape-dependent chemical and physical properties not found in their bulk counterparts.^[@ref1]−[@ref5]^ A combination of high surface area and high surface energy renders them excellent candidates for a wide range of technological applications in the fields of optoelectronics, healthcare, catalysis, and hazardous waste degradation.^[@ref6]−[@ref12]^ Through the joint effort of many researchers, the field of nanoscience and nanotechnology has advanced considerably, and its importance in environmental applications is gaining the attention of researchers and governmental bodies worldwide.^[@ref13]−[@ref16]^ In terms of nanoparticle design and synthesis, solution-based methods have become more popular recently due to the possibility to scale up more readily, specifically when the reactions could be carried out under ambient conditions.^[@ref17],[@ref18]^ Among the methods developed to produce nanoparticles in solution, galvanic reactions between metallic nanoparticles and metal ions have been proven as a versatile approach from which a wide range of nanoparticles, ranging from AgPd, AgPt, and AuCu nanoalloys to hollow AgAu nanocages could be engineered.^[@ref19]−[@ref22]^

Meanwhile, from the standard reduction potentials, one could estimate whether a galvanic reaction would occur in terms of thermodynamics, but the mechanism and kinetics of the galvanic reaction of interest may remain uncertain or elusive. For example, while AgAu nanocages were reported in the year 2006, the actual mechanism for the reaction was only confirmed in the year 2017 by Moreau et al.^[@ref21]^ Galvanic reactions may not always lead to the formation of alloys and hollow structures. For example, Kumar et al. found that solid Au NPs could be prepared directly on a cationic exchange membrane via a 50% replacement of Ag NPs with gold trichloride (AuCl~3~).^[@ref23]^ Research work related to galvanic reactions has primarily been focused on noble metal systems, and In NPs have received little attention.^[@ref19]−[@ref23]^ This is likely due to In NPs being less readily available and have to be synthesized under more stringent conditions, including removal of oxygen and moisture from the synthetic system.^[@ref24]^ The standard reduction potential for the Ag^+^/Ag redox pair (0.8 V versus standard hydrogen electrode (SHE)) is higher than that of the In^3+^/In redox pair (−0.34 versus SHE).^[@ref25],[@ref26]^ The electromotive force of the In/Ag^+^ redox pair therefore could be calculated as +1.14 V, indicating a thermodynamically spontaneous reaction.

Indium metal, specifically in the form of sub-10 nm In NPs, is an important and versatile material with a wide range of applications. In NPs have been used as seeds for the controlled solid--liquid--solid (SLS) and vapor--liquid--solid (VLS) growth of III--V and II--VI semiconductor nanorods and nanowires, which are an integral part of the next-generation optoelectronic materials.^[@ref27]−[@ref31]^ In 2018, Jung et al. reported the use of monodisperse In NPs as a robust defect-passivation agent.^[@ref32]^ In NPs were first spin-coated onto a quantum-dot-thin-film-transistor (QD-TFT), and heat was later used to activate an indium diffusion process, which led to the optimization of QD-TFT with an excellent electrical performance and improved contact resistance.^[@ref32]^ Indium nanoparticles have also been reported to be superconducting (superconducting critical temperature 3.4 L K) and surface plasmon resonance (SPR) active.^[@ref33],[@ref34]^ Due to its SPR, indium-based plasmonic nanoantennas functional under UV light have been created.^[@ref34]^ Indium metal is also an active catalyst for the allylation of carbonyl compounds in addition to its more traditional use as a soldering material.^[@ref35]−[@ref37]^

One of the key components of In(OH)~3~/Ag/C nanocomposite reported in this paper is indium hydroxide. Indium hydroxide is a useful wide-band gap semiconductor (5.13--5.17 eV) capable of degrading harmful organic compounds (such as gaseous benzene, toluene, and acetone) under UV light, together with the benefits of having high activity, low-deactivation, and high durability.^[@ref38]−[@ref40]^ Yan et al. have demonstrated the excellent photodegradation performance of In(OH)~3~, which could be attributed to the high chemical potential of the holes created.^[@ref41]^ Furthermore, the presence of the surface hydroxyl group has been known to promote a photocatalytic performance in the case of TiO~2~. Naturally abundant hydroxyl moiety present in In(OH)~3~ is therefore expected to enhance the photocatalytic degradation performance of In(OH)~3~/Ag/C nanocomposite.^[@ref42],[@ref43]^ To date, In(OH)~3~ has not been tested as a photocatalyst in aqueous solutions due to the band gap value of In(OH)~3~ being \>5.1 eV, which requires the use of the less popular UVC light as the energy source for photocatalyst activation. Among UVC, UVB, and UVA, only the photons of UVC radiation possess sufficiently high energy (\>5 eV) to generate electron--hole pairs in In(OH)~3~. Interestingly, in comparison to UVB and UVA, UVC has been reported to kill simple microorganisms faster while being the least damaging to human cells as it is the least penetrating and almost fully absorbed by dead skin cell layers on the surface. For simple microorganisms, UVC has the ability to penetrate through and induce direct RNA/DNA damages.^[@ref44],[@ref45]^ On a separate note, the Ag NP component found in the proposed In(OH)~3~/Ag/C nanocomposite are excellent traps for photogenerated electrons, which help improve a photocatalyst's performance via discouraging direct electron--hole-pair recombination when trapped.^[@ref46]−[@ref48]^

To the best of the authors' knowledge, the galvanic reactions between In NPs and metal salts such as silver nitrate (AgNO~3~) and gold chloride have not been previously reported. Herein, we report a galvanic reaction between In NPs and AgNO~3~ executed in a confined space (i.e., water-saturated carbon paste). The confined-space approach was designed to synthesize an In(OH)~3~/Ag/C nanocomposite with uniform particle size and shape via immobilizing In NPs, In(OH)~3~, and Ag NPs on carbon. Furthermore, the photocatalytic performance of In(OH)~3~/Ag/C nanocomposite was evaluated using methylene blue at three different concentrations under UVC at room temperature. The new In(OH)~3~/Ag/C, reported for the first time herein, is a designer catalyst, which has good potential to work under UVC to degrade harmful dyes while microorganisms are being killed by UVC simultaneously. The insights related to the nanocomposite's photocatalytic activities are also expected to be valuable for researchers working in the burgeoning field of indium-based photocatalytic CO~2~ reduction.^[@ref49]^

Results and Discussion {#sec2}
======================

Formation of Monodisperse Indium Nanoparticles {#sec2.1}
----------------------------------------------

Indium nanoparticles were prepared following a method reported by Lim et al.^[@ref24]^ The method was chosen for its reproducibility, excellent control of particles size, and good dispersibility in common solvents inclusive of methanol and ethanol. White and Borcasly employed this method to prepare In NPs, which were subsequently converted to monodisperse In~2~O~3~ nanoparticles for electrochemical CO~2~ reduction in 2016.^[@ref49]^ Briefly, In NPs were produced in one pot in which indium trichloride was reduced by stoichiometric lithium borohydride in isobutylamine in the presence of trioctylphosphine oxide (TOPO) as a stabilizing surfactant. The mixture was initially a colorless solution (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a), which upon gently refluxing at 80 °C, gradually reduced to form nascent indium atoms (yellow solution in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). The indium atoms then joined to form In NPs, which grew in size (brown solution in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c) and finally stabilized as ∼7 nm In NPs (black solution in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d). The monodispersity was achieved due to a distinct separation of nucleation and growth as recommended by LaMer.^[@ref24],[@ref30]^ According to Lim et al.,^[@ref24]^ the formation of In NPs involved the creation of an amine--borane complex and a TOPO-stabilized InCl~2~H species (colorless mixture in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a), which was reported to be stable at room temperature. At a temperature of \>70 °C, the TOPO-InCl~2~H species decomposed to form indium metal atoms (protected by TOPO), which later assembled into In NPs ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e).^[@ref24]^ By-products including polar LiCl were removed by washing with methanol or ethanol in air followed by centrifugation to isolate TOPO-passivated In NPs.

![Stepwise formation of In NPs via the reduction of InCl~3~ by LiBH~4~ in isobutylamine solvent in the presence of TOPO surfactant. (a) Colorless mixture (TOPO-InCl~2~H)^[@ref24]^ stable at 25 °C under inert gas. (b) Formation of TOPO-stabilized In^0^ atom (nucleation).^[@ref30]^ (c) Growing In NPs. (d) In NPs stabilized by TOPO. (e) Schematic showing the formation of TOPO-stabilized In NPs from the reduction of InCl~3~ by LiBH~4~ in isobutylamine via the thermal decomposition of TOPO-InCl~2~H at 80 °C.](ao0c00881_0001){#fig1}

Galvanic Reaction between In NPs and AgNO~3~ in Ethanol {#sec2.2}
-------------------------------------------------------

From published values of standard reduction potentials (see [Introduction](#sec1){ref-type="other"}), the electromotive force calculated for the In/Ag^+^ redox system was +1.14 V.^[@ref25],[@ref26]^ This indicates a thermodynamically spontaneous reaction. To avoid a second reaction where In NPs would react with water to form In(OH)~3~, the galvanic reaction between In NPs and AgNO~3~ was carried out in ethanol in order to confirm that the reaction would take place. The reaction also served to gauge whether Ag NPs could be produced by studying the development of a new absorption maximum in the UV--vis spectrum of the product obtained after 2 h of reaction. Galvanic reaction is known in the literature as an effective means to produce nanoparticles where good controls in chemical composition, size, and shape could be achieved simultaneously.^[@ref50]−[@ref55]^[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows the UV--vis absorption spectrum of In NPs in ethanol alone and that after the treatment with AgNO~3~ at 25 °C for 2 h. In NPs did not exhibit a strong absorption in the visible region, and this observation is consistent with literature findings.^[@ref24],[@ref56]^ The product obtained after 2 h of galvanic reaction, however, absorbed strongly at 442 nm. This explained the much stronger brown color observed for the product (top right hand corner of [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). The presence of 442 nm absorption was attributed to the plasmon resonance of Ag NPs (20--40 nm in diameter) commonly observed in literature reports.^[@ref57],[@ref58]^ The relatively broad full width at half-maximum (FWHM) of the absorption peak at 442 nm suggested that the size of the Ag NPs was not uniform. Nonuniformity in size is not ideal for photocatalytic applications, especially when the chemical properties of nanoparticles are size dependent.

![UV--vis absorption spectra of as-synthesized In NPs in ethanol and a mixture of Ag NPs/In NPs after a 2 h galvanic reaction between In NPs and AgNO~3~. A significantly more intense brown color was observed for the product, consistent with the development of the new absorption maximum at 442 nm attributed to the formation of Ag NPs.](ao0c00881_0002){#fig2}

Preparation of the In(OH)~3~/Ag/C Nanocomposite {#sec2.3}
-----------------------------------------------

For catalysis, we aimed to produce Ag NPs of uniform size and lesser than 10 nm in diameter in order to enhance the catalytic activity.^[@ref59]−[@ref61]^ Based on the discussion in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, the galvanic reaction in ethanol appeared to produce polydispersed Ag NPs. Therefore, the Ag NPs produced via galvanic reaction must be further stabilized and prevented from growing bigger in size. To achieve this, we devised a method in which sub-10 nm In NPs were first dispersed on conductive carbon black to produce In NPs/C composite. In NPs/C allowed the galvanic reaction with AgNO~3~ to be conducted in a confined manner when the amount of water was controlled such that it would just saturate the carbon without overflowing or phase separation. This was to ensure that the galvanic reaction could only take place locally where sub-10 nm In NPs would produce sub-10 nm Ag NPs. When the reactive In NPs were fixed on highly absorbing carbon, it was expected that the movement of In NPs in the solution due to Brownian motion was significantly deterred with particles immobilized on the surface of the porous carbon substrate.^[@ref62],[@ref63]^ This helped prevent agglomeration, leading to uniform sub-10 nm In(OH)~3~ NPs and Ag NPs. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} describes the preparation of In(OH)~3~/Ag/C in more detail. The galvanic reaction between In NPs and AgNO~3~ was carried out in dark conditions to avoid reduction of AgNO~3~ by ambient light. After 24 h, the product was washed with water, and the filtrate was treated with excess aqueous NaBH~4~. A clear colorless product indicated that all AgNO~3~ had reacted. In a control experiment where conducting carbon alone was treated with AgNO~3~ for 24 h, the filtrate turned intensely brown after the addition of NaBH~4~. This showed that most of the AgNO~3~ had been washed out from the carbon because there was no In NPs to react with (see Supporting information, [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00881/suppl_file/ao0c00881_si_001.pdf)).

![Schematic flow chart for the preparation of the In(OH)~3~/Ag/C nanocomposite. AgNO~3~ reacted with In NPs anchored on a carbon black substrate to form Ag NPs. Residue In NPs reacted with water at a slower rate to form In(OH)~3~. Under dark condition, light-induced reduction of AgNO~3~ was avoided. The colorless filtrate obtained after 24 h in dark and the introduction of NaBH~4~ indicated that all AgNO~3~ had reacted. Any residue AgNO~3~ would be reduced to form brown/black Ag particles (see [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00881/suppl_file/ao0c00881_si_001.pdf)). Note: In^3+^~(aq)~ is not reducible by NaBH~4~ in water in the presence of air.](ao0c00881_0003){#fig3}

Morphological and Structural Characterization {#sec2.4}
---------------------------------------------

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows the PXRD diffractogram obtained for the In(OH)~3~/Ag/C nanocomposite. All three components were present with the In(OH)~3~ phase matched to dzhalindite (ICDD: 98-003-5637) and the Ag phase matched to FCC Ag (ICDD: 98-006-5995). The broad peak at 20° (2θ) is characteristic of carbon black, and this observation is consistent with the PXRD pattern reported for Super P conducting carbon black.^[@ref64]^ The minute impurity phase present was most likely due to kaolinite contamination during the collection of wet In(OH)~3~/Ag/C packed on a filter paper after washing under vacuum suction prior to the drying step.

![PXRD diffractogram of the In(OH)~3~/Ag/C nanocomposite. Highly crystalline In(OH)~3~ (marked by asterisk) and Ag (marked by triangle) were present, and the broad diffraction at 20° (2θ) was attributed to the carbon black substrate. The minute impurity phase present (labeled with dots) was attributed to kaolinite (see Supporting Information, [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00881/suppl_file/ao0c00881_si_001.pdf)).](ao0c00881_0004){#fig4}

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a and b show sub-10 nm nanoparticles well-dispersed on the conducting carbon substrate. The particle size of In(OH)~3~ NPs and Ag NPs appeared to be similar. The particles were found to be uniform with an average diameter of 6.6 ± 0.9 nm (see Supporting information [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00881/suppl_file/ao0c00881_si_001.pdf)). Different contrasts could be observed for the particles decorating the carbon substrate. The differences in contrast alone, however, did not allow us to directly distinguish Ag NPs from In(OH)~3~ NPs due to the influence of the carbon substrate during TEM imaging. EDAX analysis of the In(OH)~3~/Ag/C nanocomposite revealed the presence of Ag, In, O and C (see [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c).The average diameter of 6.6 ± 0.9 nm determined for In(OH)~3~ and Ag NPs is very close to the 7 nm reported for In NPs produced by Lim et al.^[@ref24]^ This indicated that the confined space approach devised did work to facilitate particle size control as hypothesized. In the absence of In NPs, treatment of the carbon substrate with AgNO~3~ overnight did not lead to the production of Ag NPs decorated carbon (see Supporting information [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00881/suppl_file/ao0c00881_si_001.pdf)). Few nanoparticles were observed, and these were attributed to the absorbed AgNO~3~, which decomposed to form Ag NPs under electron beam during TEM analysis. Electron beam-induced formation of Ag NPs from AgNO~3~ has been previously documented in the literature.^[@ref65]^

![TEM and EDAX analysis of the In(OH)~3~/Ag/C nanocomposite. (a) A bright field TEM image showing nanoparticles well-dispersed on carbon substrate. (b) Nanoparticles appearing to be uniform in size with an average size of 6.6 ± 0.9 nm. Ag NPs are expected to exhibit a higher contrast than In(OH)~3~ under bright field conditions. (c) EDAX analysis showing the presence of Ag, In, O, and Cu. The copper signals originated from the copper/lacey carbon grid.](ao0c00881_0005){#fig5}

In(OH)~3~/Ag/C as a Photocatalyst for the Removal of Methylene Blue {#sec2.5}
-------------------------------------------------------------------

To investigate the photocatalytic activity of the In(OH)~3~/Ag/C nanocomposite under UVC, photodegradation of methylene blue was chosen. Methylene blue is a reference material used in the evaluation of the photocatalytic activity of inorganic materials under UV radiation as described in "ISO 10678:2010---Determination of photocatalytic activity of surfaces in an aqueous medium by degradation of methylene blue", which was last reviewed in 2017 and remains current. For visible-light-driven photocatalysis, methylene blue is also commonly employed to help gauge the photocatalytic performance of photocatalysts, especially when dye-assisted-sensitization could be achieved.^[@ref66]−[@ref69]^ Sensitizing semiconductor/metal nanoparticles with dyes to harvest visible photons represents an excellent way to enhance the photocatalytic activity of a photocatalyst. In water, methylene blue exhibits a strong absorption peak at 664 nm ("red light") and therefore may be employed as a sensitizer under solar radiation or visible light. In 2017, Cabir et al. successfully sensitized TiO~2~ nanopowders with Cu-phthalocyanine, which helped enhance the photodegradation of methylene blue under visible light while Mastropietro et al. employed in situ sensitization approach to improve the degradation rates of methylene blue over a TiO~2~/α-Al~2~O~3~ photocatalyst under solar radiation.^[@ref67],[@ref68]^ In our system, methylene blue was employed as a model organic pollutant to probe the oxidative catalytic activity of In(OH)~3~/Ag/C, but it was not acting as a sensitizing agent because methylene blue did not absorb UVC effectively and therefore not able to function as a sensitizer. It would be interesting to test the In(OH)~3~/Ag/C photocatalyst under both UVC and visible light in the future for the purpose of performance optimization. To conduct the photodegradation test, In(OH)~3~/Ag/C was first dispersed into a freshly prepared methylene blue solution, and an adsorption equilibrium in dark was allowed to establish before switching on UVC light. As may be observed in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, UVC light alone could only degrade 15% of methylene blue after 6 h of radiation. In the presence of the In(OH)~3~/Ag/C photocatalyst, a significant improvement in methylene blue removal efficiency was observed. The effect of the photocatalyst was noteworthy because a mere 3.2 mg of In(OH)~3~/Ag NPs present on carbon (total 25 mg In(OH)~3~/Ag/C loading) was able to enhance the degradation from 15 to 88% in 80 mL of 10 ppm methylene blue solution.

![Removal of methylene blue (MB) in water using 25 mg In(OH)~3~/Ag/C at three different MB concentrations. The volume of MB solution in the tests was fixed at 80 mL. At 10 ppm, an overall 88% removal efficiency was achieved. At 5 ppm, In(OH)~3~/Ag/C adsorbed all methylene blue present.](ao0c00881_0006){#fig6}

Effect of Concentration of Methylene Blue {#sec2.6}
-----------------------------------------

[Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} compares the removal of methylene blue using 25 mg of In(OH)~3~/Ag/C (3.2 mg In(OH)~3~/Ag NPs equivalent) for 80 mL of solution over 6 h under mild UVC irradiation with constant stirring across three methylene blue concentrations. At 10 ppm concentration, about half of the methylene blue present was adsorbed under dark condition within 3 h. After UVC light was turned on, a significant drop in methylene blue concentration was observed within the first hour. This signified a significant synergistic effect of adsorption by conducting carbon coupled to the photocatalytic activity endowed by the In(OH)~3~ and Ag NPs present in the nanocomposite. An overall 88% removal efficiency was achieved within 6 h under mild UVC. Molecules of methylene blue adsorbed on carbon were closer to the surface of the In(OH)~3~/Ag NPs photocatalyst. Exposure to UVC light led to the formation of an electron--hole pair, which helped degrade methylene blue. The conductive nature of the carbon may have allowed a more effective charge separation, leading to an enhanced photocatalytic performance of In(OH)~3~/Ag/C as observed in other photocatalytic systems.^[@ref70]^ A lower removal efficiency of 40% was detected when 25 ppm of methylene blue was used. By reducing the concentration of methylene blue to 5 ppm, a complete adsorption in dark condition within the first 3 h could be achieved, and no photocatalytic activity could be directly detected after UVC light was switched on.

Roles of Individual Components Found in In(OH)~3~/Ag/C Photocatalyst and Proposed Working Mechanism {#sec2.7}
---------------------------------------------------------------------------------------------------

The In(OH)~3~/Ag/C nanocomposite contained a conducting carbon black substrate whose high surface area provided sites for In(OH)~3~ NPs and Ag NPs to be anchored on, thus preventing further nanoparticle aggregation or coalescence. The carbon substrate also bestowed excellent material dispersibility in both ethanol and water, which was imperative for the successful preparation and photocatalytic application of the In(OH)~3~/Ag/C nanocomposite.^[@ref70]−[@ref73]^ Carbon black substrates with high surface area are also known to enhance the rates of photocatalytic reactions by being able to scavenge photogenerated electrons from the surface of photocatalysts due to their high electrical conductivity.^[@ref73],[@ref74]^ Dyes such as methylene blue were expected to be adsorbed efficiently to the proximity of the In(OH)~3~ and Ag NPs where degradation with reaction oxygen species could take place under the irradiation of UVC.^[@ref40],[@ref75]−[@ref77]^ Surface plasmon resonance-mediated photocatalysis observed in Ag-based photocatalysts is known to have high photodegradation efficiency when an excitation light of suitable wavelength induces resonant oscillation of conduction electrons, leading to the generation of surface plasmon polariton. For 5--7 nm Ag NPs, extinction peaks in the range of 350--400 nm have been reported.^[@ref78],[@ref79]^ When UVC light is used as the excitation source, the Ag NP component in In(OH)~3~/Ag/C is, however, not expected to absorb UVC and display surface plasmon resonance (SPR) due to a mismatch of the excitation source and the plasmon resonance frequency of Ag NPs. This is in congruence with the observations reported by Xu et al. in 2018 in which the generation of electron--hole pairs in TiO~2~, instead of SPR, was responsible for the photocatalytic activity observed for a TiO~2~/Ag NP Schottky barrier when a UV excitation source was used.^[@ref80]^ In another system in which a SiO~2~--Ag--SiO~2~--TiO~2~ multishell structure was studied, UV and visible light were employed together to gain a wide spectral response by having UV-responsive TiO~2~ and visible-light-induced SPR of Ag NPs working synergistically. When only UV light was used, no SPR effect was reported to be present.^[@ref81]^ It would be interesting to study In(OH)~3~/Ag/C in the future using both UVC and visible lights as excitation sources to benefit from a synergy between SPR-mediated photocatalysis and UVC light activation of In(OH)~3~, which might lead to an enhancement in the photodegradation rate of methylene blue catalyzed by In(OH)~3~/Ag/C.

The reasons behind the photocatalytic action of the In(OH)~3~/Ag/C nanocomposite are proposed in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}, based on literature reports and the design of our system. There are two possible pathways toward the observed photocatalytic activities. The first pathway (see [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a,b) assumes that In(OH)~3~ and Ag NPs are not in contact with each other and requires the conducting carbon substrate to help move electrons around the system. The first step involves the effective absorption of UVC by In(OH)~3~, leading to the creation of a high energy electron in the conduction band (−0.93 V vs SHE) and a hole in the valence band (4.24 V vs SHE).^[@ref40]^ The photoelectron generated in In(OH)~3~ is known to be sufficiently energetic even for CO~2~ reduction.^[@ref40],[@ref75],[@ref82]^ Facile transfer of the photogenerated electron from In(OH)~3~ to a Ag NP via the conductive carbon substrate then takes place. The Ag NP traps the hot electron due to the fact that the Fermi energy level of Ag is lower than the energy of the photogenerated electron.^[@ref46],[@ref48]^ The trapped electron reduces an oxygen molecule (O~2~) to an oxygen anion radical (^·^O~2~^--^),^[@ref46],[@ref74]^ and the oxygen anion radical produced then degrades MB.^[@ref70],[@ref76],[@ref83]^ On the other side, the corresponding hole oxidizes a water molecule to create a hydroxyl radical (^·^OH), which degrades MB nearby as documented in literature reports belonging to the same field.^[@ref70],[@ref76]^

![Proposed photocatalytic actions of In(OH)~3~/Ag/C nanocomposite via two pathways. (a) First pathway begins with the absorption of UVC by In(OH)~3~, leading to the creation of a photogenerated "hot" electron (CB) and a hole (VB). The electron is subsequently transferred to a Ag NP due to the fact that the Fermi energy of Ag is lower than the energy of the hot electron (−0.93 V). (b) The photogenerated electron trapped at the Ag NP reduces an O~2~ molecule, forming an oxygen radical anion (^·^O~2~^--^), which in turns degrades MB adsorbed onto the carbon substrate. Reactive oxygen species such as ^·^OH generated from the hole and water degrades nearby MB. (c) Second pathway involves the formation of Schottky barriers from *n*-type In(OH)~3~ and Ag NPs, resulting in the upward bending of both VB and CB energy levels of In(OH)~3~. A photogenerated electron moves to a Ag NP, and a hole is left in In(OH)~3~ near the barrier. (d) Oxidation and reduction processes described in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b occur at the Schottky barrier without the photogenerated electron passing through the conducting carbon substrate, leading to the degradation of MB.](ao0c00881_0007){#fig7}

[Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}c and d together depict the second pathway, which takes into consideration the formation of a Schottky barrier/junction. Prior to photocatalytic testing, a 1 min ultrasonication step was necessary to disperse In(OH)~3~/Ag/C into aqueous methylene blue uniformly. During ultrasonication, In(OH)~3~ and Ag NPs might have come off the carbon temporarily but were expected to reattach themselves onto the surface of carbon once ultrasonication was turned off. Super P carbon is well-known for its high adsorbing properties, high surface area (62.0 ± 0.5 m^2^/g), and the presence of surface hydroxyl functional groups capable of binding to nanoparticles.^[@ref84]−[@ref86]^ Redistribution and mixing of In(OH)~3~ and Ag NPs may occur if they became detached temporarily, but redeposition of the nanoparticles on the carbon substrate is expected as have been seen in the cases where Ag or Au nanoparticles were deposited on a carbon black substrate.^[@ref85],[@ref86]^ The redistribution of nanoparticles during sonication may lead to physical contact being created between some In(OH)~3~ and Ag NPs, resulting in the formation of Schottky barriers despite a low photocatalyst loading of 13 wt % on carbon. As illustrated in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}c, when a Schottky barrier is formed, upward bending of both VB and CB energy levels of In(OH)~3~ would occur. Due to the high density of electrons in metals, the electron flow would not be expected to alter the Fermi energy level of Ag significantly, leaving the Fermi energy level of Ag relatively unchanged. Enhanced electron--hole pair separation could be directly achieved without the help of the carbon substrate to conduct the photogenerated electron. In theory, an internal electrical field would be generated at the barrier, leading to the formation of a depletion layer as commonly observed in Schottky barriers produced from *n*-type semiconductors and metals.^[@ref87],[@ref88]^ The depletion layer effectively prevents electrons drifting back to In(OH)~3~, allowing a more efficient electron--hole separation.^[@ref88]^ In the absence of the SPR effect under UVC, the oxidation and reduction processes pertaining to the degradation of methylene blue are expected to be similar for both pathways proposed. As illustrated in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}d, the photogenerated electron trapped in a Ag NP is anticipated to be transferred to O~2~ to form ^·^O~2~^--^, which degrades methylene blue. The hole present in In(OH)~3~ near the Schottky barrier oxidizes water to produce a hydroxyl radical capable of degrading methylene blue.

Conclusions {#sec3}
===========

An In(OH)~3~/Ag/C nanocomposite was successfully produced and characterized. The nanocomposite was prepared from a controlled galvanic reaction between In NPs/C and aqueous AgNO~3~ in dark conditions at room temperature for 24 h. The amount of water used was minimal such that a saturated carbon paste was obtained. The carbon immobilized the In NPs. Mobile Ag^+^ in water reacted with a fraction of the In NPs to form Ag NPs. The residual In NPs reacted with water to form In(OH)~3~ NPs. The Ag and In(OH)~3~ NPs produced were found to be spherical in shape with an average diameter of 6.6 ± 0.9 nm, similar to the size of In NPs that were started with. At 10 ppm methylene blue concentration, the nanocomposite exhibited its best photocatalytic degradation performance with a ∼90% overall removal efficiency achieved in 6 h under a mild 15 W UVC lamp with a 25 mg In(OH)~3~/Ag/C loading where the mass of photoactive In(OH)~3~/Ag NPs was only 3.2 mg.

Experimental Section {#sec4}
====================

Materials {#sec4.1}
---------

Unless otherwise mentioned, analytical reagent (AR)-grade chemicals were used. Trioctylphosphine oxide (TOPO, tech. 90%), isobutylamine (98%), indium trichloride anhydrous (InCl~3~; 99.995%), lithium borohydride (LiBH~4~; 4 M in THF), and sodium borohydride (NaBH~4~; 98+%) were purchased from ACROS Organics. Super P conductive carbon black (99+%) was purchased from Alfa Aesar. Ethyl alcohol (99.8%) and silver nitrate (AgNO~3~; 99%) were purchased from Systerm. Methylene blue (C.I 52015) was purchased from ChemSoln. Methanol was purchased from Merck. Fresh double-distilled water was used. All chemicals were used as received. Air-sensitive synthesis was carried out under high purity Ar gas using standard Schlenk techniques, and workup procedures were performed in air.

Preparation of Indium Nanoparticles (In NPs) {#sec4.2}
--------------------------------------------

In NPs were synthesized using a literature method reported by Lim et al.^[@ref24]^ Briefly, 0.17 g of InCl~3~ was dissolved in 20 mL of isobutylamine in which 0.50 g of TOPO was first dissolved in. Three mole equivalent of LiBH~4~ in THF was added dropwise to the mixture during which bubbles were observed. The mixture was heated to gentle reflux for 15 min during which the transparent colorless solution changed from bright yellow to dark brown and finally black in color. The product was diluted with ethanol and centrifuged at 1000 rpm at room temperature to isolate In NPs as a dark brown pellet/precipitate.

Preparation of In NPs Dispersed on Conducting Carbon (In NPs/C) {#sec4.3}
---------------------------------------------------------------

The dark brown precipitate was dispersed on 0.20 g of Super P conducting carbon in ethanol via sonication for 3 min. The suspension was then purged with a gentle stream of N~2~ gas to yield dried In NPs/C.

Synthesis of Indium Hydroxide/Silver/Conducting Carbon Nanocomposite (In(OH)~3~/Ag/C) {#sec4.4}
-------------------------------------------------------------------------------------

Super P carbon (0.10 g) was found capable of uptaking a maximum of 1.5 mL of water to form a paste without phase separation. This ratio was followed for the In(OH)~3~/Ag/C nanocomposite preparation. Dried In NPs/C was saturated with freshly prepared aqueous AgNO~3~ (45 mM) to produce a paste. The paste was left in dark conditions at 25 °C for 24 h for the galvanic reaction between In NPs and AgNO~3~ to occur. An In:Ag ratio of 1.5:1 was used since one In atom would be able to reduce three Ag^+^ ions before forming an In^3+^ ion. A fraction of the In NPs reacted with AgNO~3~ to yield Ag NPs, and the rest reacted with water to form In(OH)~3~ NPs. The product was washed with water under vacuum suction. The colorless filtrate was tested with excess freshly prepared aqueous NaBH~4~. No brown color developed after the NaBH~4~ treatment, indicating all AgNO~3~ had reacted to form the nanocomposite.

Characterizations {#sec4.5}
-----------------

### UV--Vis Spectroscopy {#sec4.5.1}

The UV--vis measurements were performed on a Hitachi UH5300 spectrophotometer with a scan range of 200--1000 nm and a scan speed of 800 nm/min. The solution was filtered over a syringe filter (0.2 μm) to produce a transparent sample prior to UV--vis measurement.

### Differential Scanning Calorimetry--Thermogravimetric Analysis (DSC-TGA) {#sec4.5.2}

DSC-TGA was conducted using a SDT Q600 from TA Instruments in air with an alumina sample holder. The heating rate was set as 10 °C/min, and the sample was heated from 25 to 1000 °C. The flow rate of air was 100 mL/min.

### Powder X-Ray Diffraction (PXRD) {#sec4.5.3}

A PANalytic Empyrean X-Ray diffractometer with Cu Kα (λ = 1.5404 Å) operating at 45 kV, 40 mA, and 25 °C was used to carry out phase identification. The scanning range was 20.00--70.00°, the step size was 0.0260° 2θ, and the scan speed was 2°/min.

### Transmission Electron Microscopy (TEM)/Energy Dispersive X-Ray Spectroscopy (EDAX) {#sec4.5.4}

Bright field TEM images were obtained using a Hitachi HT-7700 operating at 120.0 kV. Samples were sonicated and dispersed on lacey carbon films on copper grids prior to studies. The elemental composition of the sample was determined with a Bruker XFlash 6T\|60 Detector at 120.0 kV.

### Galvanic Reaction in In NPs and AgNO~3~ {#sec4.5.5}

The In NPs pellet prepared was dispersed in 50 mL of ethanol. AgNO~3~ (0.5 mL, 0.135 M) was injected into the mixture and mixed well for 30 s, and 3 mL was taken and placed in a quartz cuvette for tracking the reaction using UV--vis spectroscopy for 2 h. Ethanol (50 mL) is required to dilute the reactant such that it could be tracked directly with a UV--vis spectrophotometer without further dilution.

### Methylene Blue Removal and Photocatalytic Performance of In(OH)~3~/Ag/C {#sec4.5.6}

Photodegradation of methylene blue dye was carried out in a photoreactor with a UVC light (200--280 nm) source operating at 15 W. In(OH)~3~/Ag/C (25 mg) was dispersed in 80 mL of methylene blue solution (freshly prepared at 25, 10, and 5 ppm) via sonication for 1 min. The mixture became uniformly black. No precipitation/separation over the 6 h study was observed, signifying that a stable suspension was obtained. With constant stirring at 100 rpm, an adsorption equilibrium in dark conditions was first allowed to establish over 3 h, followed by 3 h of exposure to UVC to confirm the photocatalytic activity of In(OH)~3~/Ag/C. The changes in absorbance at 664 nm were followed using a UV--vis spectrophotometer because methylene blue displayed an absorption maximum at 664 nm.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c00881](https://pubs.acs.org/doi/10.1021/acsomega.0c00881?goto=supporting-info).Bright field TEM images and photos of filtrates treated with NaBH~4~ (Figure S1), size distribution of In(OH)~3~/Ag on carbon (Figure S2), thermogram of In(OH)~3~/Ag/C composite from DSC-TGA analysis in air (Figure S3), and identification of an impurity present in the XRD diffractogram of In(OH)~3~/Ag/C (Figure S4) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00881/suppl_file/ao0c00881_si_001.pdf))
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